Currently more than 200,000 automated external defibrillators (AEDs) are sold yearly for public use in the U.S. (1) . This expenditure totals approximately $500 million per year in equipment and training. Anecdotal reports document a high rate of survival after out-of-hospital cardiac arrest (OHCA) when trained persons with a job-related duty to respond use AEDs (2) (3) (4) or where health care professionals are in high concentration (5) . This question was studied by the large, community-based, randomized PAD (Public Access Defibrillation) trial-trained volunteers (6, 7) at both control and AED sites and showed a doubling the number of survivors (30 vs. 15 ; relative risk: 2.0; 95% confidence interval [CI]: 1.07 to 3.77; p ϭ 0.03) at sites with AEDs compared with sites without AEDs.
There is little information about the clinical or public health impact of the ongoing investment in AEDs and training for the public at large. Several before-and-after comparisons of survival after implementation of PAD programs using AEDs showed favorable results (8 -11) , whereas others did not (12) (13) (14) . These inconsistent findings have challenged the value of AED implementation as a community strategy to improve survival after cardiac arrest (15) (16) (17) (18) (19) (20) (21) (22) (23) . In a randomized trial of private AED placement in homes of patients who have undergone myocardial infarction (24) , survival was not improved in patients whose home was equipped with an AED and a family member trained to use an AED compared with patients with cardiopulmonary resuscitation (CPR) training and no AED.
In recent years, emergency medical services (EMS) recordings of initial cardiac arrest rhythms show a striking decline in the incidence of ventricular tachycardia (VT) or ventricular fibrillation (VF) that may benefit from AED use. Initial VT/VF rhythms accounted for 70% to 80% of cardiac arrests 20 years ago (25) , but now constitute only 10% to 30% of arrests (8, 25, 26) . Non-VT/VF arrests (asystole and pulseless electrical rhythms) do not benefit from AEDs, and furthermore, their use may delay life-saving measures such as bystander CPR in such patients.
Although an in-hospital registry of cardiac arrest and resuscitation exists in the U.S. (27) , there have been no large registries of the out-of-hospital experience to assess the value of bystander AED. The Resuscitation Outcomes Consortium (ROC) (28) established a population-based registry for OHCA and resuscitation called the ROC Epistry Cardiac Arrest registry (26, 29) . In this report, we use this registry to test the hypothesis that despite the decreasing frequency of VT/VF as an initial rhythm and despite possible delays or errors associated with AED application, cardiac arrest patients who have an AED applied before EMS arrival experience better survival than those without an AED applied.
Methods
Design and setting. The ROC Epistry Cardiac Arrest registry is a prospective, multicenter, multiregional, population-based international cohort study of nontramatic OHCA (28, 29) . We report on patients treated by 1 or more of 215 ROC EMS agencies in 7 U.S. sites (Alabama, Dallas, Iowa, Milwaukee, Pittsburgh, Portland, and SeattleKing County) and 3 Canadian sites (Ottawa-OPALS, Toronto, and British Columbia) between December 1, 2005, and April 30, 2007 (26) . One ROC site, San Diego, did not participate and was omitted from this analysis (see Figure 1 for a map of the sites).
The ROC sites obtained institutional review board approval to conduct this research with a waiver of written consent under minimal risk criteria. The ROC Epistry Cardiac Arrest registry was approved by the Institutional automatic external defibrillator manufacturers. The ROC coordinating center accepts support for receptions from corporations. Dr. Weisfeldt receives salary support from NIH via the ROC. Dr. Ornato is an unpaid Science Advisory Board member of Zoll. Dr. Rea received research support from Medtronic, Inc., and Philips, Inc. Dr. Aufderheide is a consultant for Medtronics, Inc., and JoLife, Inc. Dr. Nichol is a co-principal investigator of the ROC Data Coordinating Center (NHLBI); principal investigator of the randomized trial of hemofiltration after resuscitation from cardiac arrest (NHLBI); co-investigator of the randomized field trial of cold saline IV after resuscitation after cardiac arrest (NHLBI); principal investigator of the randomized trial of CPR training aid in community (Asmund S. Laerdal Foundation for Acute Medicine); has received travel expenses from Innercool Therapies Inc., Radiant Medical Inc., and the American Heart Association; and is a consultant for Triage Wireless.
Manuscript Analyses determined the association between survival and AED application before EMS arrival. We focused on AED application because this application would reflect both the potential favorable effects of early shock on survival and the unfavorable effects of possible delay in performing CPR or calling EMS because of an AED search and application. Because no single clinical group provides the ideal comparison, we stratified the data according to whether CPR was performed before EMS arrival and initial rhythm characteristics in descriptive analyses. We present arrest and outcome characteristics for non-EMS-witnessed subjects as 7 groups (Fig. 2 , Table 1 ): Group 1, All EMS care, no EMS witnessed; Group 2, bystander CPR, no AED applied before EMS arrival; Group 3, AED application before EMS arrival; Group 4, AED application and AED shock before EMS arrival (subset of Group 3); Group 5, bystander CPR before EMS arrival, no AED application, and a shock delivered by EMS upon initial assessment (subset of Group 2); Group 6, public location arrests and Group 7, bystanderwitnessed arrests (subset of Group 2).
In addition, multiple logistic regression analysis determined the association between survival and AED application before EMS arrival after accounting for potential confounding factors. The primary inferential analysis consisted of a multiple logistic regression analysis for the 11,370 of 13,769 Group 1 arrests with complete data (Fig. 2 ). Survival to hospital discharge was regressed on a binary indicator of whether an AED was applied before EMS arrival adjusting for: 1) age and gender; 2) bystander CPR performed; 3) location of arrest (public or private); 4) EMS response interval; 5) arrest witnessed; 6) initial rhythm shockable, not shockable, or unknown; and 7) ROC site. Adjustment for initial rhythm also was included because it is likely a surrogate for other unmeasured confounders. Secondary analyses investigated potential clustering by site via generalized estimating equations (32) and generalized linear mixed models (33) . Interaction by site was investigated by adding interactions between site and all other covariates in the multiple regression model. This analytical approach is essentially equivalent to fitting the multivariate model separately in each site, but provides additional power via simultaneous estimation of coefficients. A likelihood ratio test was used to compare the model with and without interactions.
We also addressed potential confounding in the observed relationship between AED application and survival through a propensity analysis to account for a subject's probability of receiving bystander AED application (34) . We estimated propensity scores as predicted probabilities from a logistic regression model with AED application as the outcome and the covariates discussed previously as predictors. We then created 6 strata based on the following quantiles of the score: 0.75, 0.90, 0.925, 0.95, and 0.975. These quantiles were chosen so that there were sufficient subjects in each stratum who both had an AED applied and survived. A Mantel-Haenszel chi-square test then was performed to estimate the odds ratio (OR) for survival with AED application versus without, stratified by propensity score.
We also addressed potential confounding by performing sensitivity analyses restricted to Groups 2 and 3-those who received bystander CPR but had no bystander AED applied, and those who had a bystander AED applied, because these 2 groups are least confounded with regard to the relationship between AED application and survival. Both the complete-case multiple regression model and the propensity score analysis were reproduced in this reduced population. Values are n, n (interquartile range), n (%), and n (interquartile range); 90%. Group 1 ϭ all patients receiving EMS care for presumed cardiac arrest, excluding EMS-witnessed arrests. Group 2 ϭ all non-EMS-witnessed arrests in which a bystander performed CPR. No AED applied before EMS. Group 3 ϭ all non-EMS-witnessed arrests in which an AED was applied before EMS arrival. This was the primary multivariate analysis group. Group 4 ϭ all non-EMS-witnessed arrests in which an AED applied before EMS arrival provided a shock. Group 5 ϭ all non-EMS-witnessed arrest in which a bystander performed CPR, but the first shock was provided by EMS. Group 6 ϭ all non-EMS-witnessed cardiac arrests treated by EMS in a public location. Group 7 ϭ all bystander-witnessed cardiac arrests (must be non-EMS-witnessed). AED ϭ automatic external defibrillator; CPR ϭ cardiopulmonary resuscitation; EMS ϭ emergency medical services; IQR ϭ interquartile range; OHCA ϭ out-of-hospital cardiac arrest.
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These complete-case analyses would provide a valid estimate of the association between AED application before EMS arrival and survival if data were missing completely at random (35) , an assumption that cannot be tested fully. Hence, we used multiple imputations (36) of missing covariates to permit multivariate analysis of all 13,769 subjects who had known outcome status, addressing in part the limitation of missing covariate data. Analysis was carried out with the R mice package (The R Project for Statistical Computing) using 50 imputations.
Next, we also conducted a post hoc subgroup analysis to determine whether the OR for survival with AED applied versus not applied varied within subgroups of location (private or public). For this analysis, an interaction between AED application; and location was added to the original logistic regression model including all other covariates. Significance was determined via a likelihood ratio test comparing the model with interaction with the one without interaction.
Finally, we calculated the excess lives saved that were attributable to use of the bystander AED, then extrapolated this to the U.S. and Canada based on the ROC catchment area. The excess of lives saved was the difference between the observed number who survived when bystander AEDs were applied and the estimated number who would have survived had there not been bystander AEDs. The number who would have survived had there not been bystander AEDs was estimated by: 1) applying the estimated OR from the multivariate analysis to the observed odds among cases in which a bystander AED was applied to obtain the odds of survival had there not been bystander AED application; and 2) converting these odds back to a survival probability and multiplying by the number of patients who had an AED applied. We estimated the total population served to be approximately 21 million people by examining the census tracts of the EMS agencies. The extrapolation was based on the assumption that the ROC covers 21 million people and that the combined population of the U.S. and Canada is 330 million.
Results
During the 17-month study period, 15,549 persons experienced a nontraumatic OHCA and were treated by EMS in the study regions, and of these, 15,099 (97.1%) had a known outcome status. Of these, 1,330 arrests were excluded because they were witnessed by EMS (Fig. 2) . Thus, the final cohort included 13,769 individuals (Group 1), among whom 2.1% (289) had an AED applied before EMS arrival (Group 3) and constituted the primary subgroup for analysis. In this group, an AED was applied by healthcare workers (32%), lay volunteers (35%), police (26%), or unknown (7%). Table 1 characterizes the 5 subgroups of non-EMSwitnessed cases (Groups 1 through 5). The same groups are identified in Figure 2 . The entire cohort included only 438 individuals who were younger than 18 years. The EMS response interval was similar across all groups, with a median response interval of 5.3 minutes (interquartile range, 4.0 to 6.9) for all non-EMS-witnessed cardiac arrests. Public location and bystander-witnessed arrests before EMS arrival also are shown in Table 1 and were more common among those with placement of an AED before EMS arrival, especially among those who received an AED shock. In addition, the proportion of OHCA in which an AED was applied before EMS arrival varied across ROC sites, ranging from 1% to 7%. Overall survival and by subgroup. Table 1 shows the overall survival by subgroup. Overall survival was 7% among all EMS-treated OHCAs occurring before EMS arrival (Group 1; n ϭ 13,769). Survival was 9% when CPR was performed before EMS arrival, but an AED was not applied (Group 2). Of the cases in which an AED was applied before EMS arrival (Group 3), 24% (69 of 289) survived, and of those who received a shock from an AED applied before EMS arrival (Group 4), 38% (64 of 170) survived. Survival was 40% with application of an AED by a lay person, 16% for health care workers, and 13% for police. Forty-one of the 289 AED applied arrests occurred in residential institutions where healthcare workers were present.
The survival of patients who had an AED applied before EMS arrival but no AED shock was 3.5%, and this rate was not different from the 2.3% (n ϭ 2,887) survival among patients who received bystander CPR without an AED applied and had a nonshockable rhythm at presentation (p Ͻ 0.34). The rates reported exclude those with an unknown initial rhythm. Controlling for the covariates included in the model for the primary analysis did not change this conclusion (p Ͻ 0.60). Logistic regression model. A logistic regression model was applied to all cases with complete information from Group 1 (n ϭ 11,370). The unadjusted OR of survival associated with AED application before EMS arrival (with or without shock) was 4.74 (95% CI: 3.53 to 6.36). After adjusting for age, gender, bystander CPR performed, type of location, EMS response interval, witness status, initial rhythm, and ROC site, AED application before EMS arrival was associated with an OR of survival of 1.75 (95% CI: 1.23 to 2.50; p Ͻ 0.002). This OR was attenuated slightly to 1.62 (95% CI: 1.16 to 2.26; p Ͻ 0.007) when we used a stratified propensity score analysis to adjust for these covariates instead of multiple regression. In the reduced population that included only those who received treatment from a bystander, the complete-case OR was 1.68 (95% CI: 1.19 to 2.39; p Ͻ 0.004) and the propensity score OR was 1.73 (95% CI: 1.25 to 2.39; p Ͻ 0.002). Propensity score models predicted AED application well, with C statistics of 0.91 and 0.82, respectively, for the 2 models. Generalized estimating equation and generalized linear mixed model analyses that accounted for clustering by site produced similar estimates.
Of those cases with missing data (n ϭ 2,399), 87% lacked witnessed status, bystander CPR status, or both (574 witnessed, 809 CPR, and 699 both). Thirty-six of the excluded cases were cases in which an AED was applied before EMS arrival. In the analysis of all 13,769 patients with survival data, using multiple imputation for missing covariate data, the OR of survival associated with an AED applied before EMS arrival was similar to that found in other analyses: 1.75 (95% CI: 1.27 to 2.41; p Ͻ 0.001). Site-specific analysis of bystander AED use. When multiple regression was performed on complete cases with stratification by site, nearly all of the site-specific OR estimates were more than 1, but many were not significantly different from 1, likely because of the number of subjects receiving bystander AED application at individual sites was small (Table 2 ). This stratified model fit the data better than the model not stratified by site (p Ͻ 0.003). However, it required that a large number of ORs be estimated using a limited amount of data on bystander AED application. Post hoc subgroup analysis of location of AED application. Table 3 presents survival by the type of location of the OHCA. Of the 288 OHCA in which AED application took place, 59% (171 of 288) occurred in public sites and 41% (117 of 288) occurred in private locations. Survival was 35% (59 of 171) among public location OHCAs with AED application, 20% (177 of 888) among public location OHCAs with bystander CPR but no AED application, 9% (10 of 117) among private location OHCAs with AED application, and 6% (204 of 3,510) among private location OHCAs with bystander CPR but no AED application. Although the absolute survival differences observed for AED application were greater in public settings than in private settings, the positive survival association of AED application did not differ significantly according to type of location (adjusted OR, 1.39 private and 1.86 public; p ϭ 0.53 for interaction between AED and location). Extrapolated estimate of lives saved. We extrapolated survival in the approximately 21 million people in the ROC's covered area to the entire population of the U.S. and Canada (330 million). We estimate that currently, 474 lives are saved per year by bystander application of an AED to those who experience an OHCA.
Discussion
This observational study, drawn from a large set of heterogeneous communities, provides strong evidence that AED application before EMS arrival is associated with improved survival after OHCA. Multiple analytical approaches de- April 20, 2010 April 20, :1713 by Marta Casas on April 20, 2010 content.onlinejacc.org Downloaded from signed to account for confounding consistently demonstrated a significant survival benefit of AED application with an OR of approximately 1.8. This OR is comparable with the 2-fold AED survival benefit demonstrated in the randomized and controlled PAD trial (6) in which volunteers received special training in AED use at high-risk AED-equipped sites.
In combination, the results underscore the critical importance of early defibrillation and continue to encourage innovative approaches to achieve this critical link in the chain of survival. Such approaches may include implanted monitors with electronic alert to a bystander and the EMS system. Another strategy includes mandatory registration of all public access defibrillators with local EMS dispatch. The dispatcher could coach 1 person to start CPR and another bystander to retrieve the closest AED. Also, placement of all AEDs may be guided by a model that considers health risk, population density, and rate of cardiac arrest in similar buildings.
The current investigation involves a catchment population of 21 million persons who reside in urban, suburban, and rural areas across North America and are served by more than 200 EMS agencies with a variety of operating models and training levels. Moreover, laypersons, persons with health care training, and police all provided AED application. Success of 40% by lay persons emphasizes that speed is more important than training. Thus, we believe the results of the current study provide the best information to date supporting the generalizability of the PAD trial (6) , and so represent a meaningful community-based approach to improve survival after an OHCA.
In both the current study and the PAD trial, most of the survivors who received AED application experienced an OHCA in public as opposed to private locations in part because more AED application occurred in public sites, but primarily because survival was better in public locations. In contrast to the robust association in public sites, the PAD study and the current investigation did not observe this independent survival association in private locations. Similarly, a randomized trial evaluating home AED placement did not demonstrate survival benefit in part potentially because of the low OHCA event rate. Nonetheless, of 14 patients in the home AED trial where an AED shock was delivered, 26.8% survived, which is similar to the 38% in the current study. Taken together, the results highlight an established role in public settings and suggest a need for additional study to optimize private AED deployment, especially if resources are limited.
The primary analysis was performed for AED application rather than AED shock. This approach allowed for the possibility of adverse effects of AED application such as delay in performing CPR or in calling 911. Particularly for patients with non-VT/VF arrest, the AED offers no obvious benefit and the potential for delay in other important links in the chain of survival.
The results of the current study need to be viewed in light of existing data on meaningful survival after hospital discharge and long-term survival. Better resuscitation is associated with better survival (37) , functional status (38) , and health-related quality of life (39 -41) . It is reasonable to expect similar or better survival in the present study because defibrillation was provided earlier than if delivered by EMS.
A unique and important feature of this investigation is that it enables an assessment of how readily clinical trial evidence (from the PAD trial) has been translated into community-based practice. Given the observed survival benefits in the current investigation, AED application before EMS arrival provides a viable means to improve public health. In the current investigation, AED application before EMS arrival occurred in 2.1% of all OHCAs. However, use varied from 1% to 7% across the ROC network sites, a finding that offers a framework for efforts aimed at further implementation of AED programs. A recent study emphasized the importance of locating AEDs in places of high cardiac arrest frequency (42) . This may be 1 contributor to site-specific differences in AED survival. Hence, an overall goal of 5% seems realistic, with some communities already exceeding this percentage of rapid AED use. Such an increase has the potential to double the population-attributable benefit (the number of lives saved) of early AED application. The 1,280 patients in Group 5, in which EMS shocked the patient, might have had even better survival than (22%) if a bystander had applied an AED. The survival of 38% with shock by a bystander using the AED should encourage broader awareness of the AED, which may prompt increased use by bystanders even for those lacking medical training.
The strengths of this report include: 1) the large and heterogeneous set of communities, EMS systems, and OHCA population base; 2) uniform data collection across multiple communities, enabling a multivariate analysis using the important clinical outcome of hospital survival; 3) the contemporary nature of the data and incidence of VT/VF; 4) the assessment of the survival association of AED application and whether a shock was delivered, a unique aspect of the current study; and 5) compared with other reports (2, 3, 5, 6) , the relatively large number of patients with AED applied (n ϭ 289).
The study limitations include the lack of information regarding: 1) underlying health status before cardiac arrest; 2) long-term survival; 3) detailed neuropsychiatric assessment of survivors; 4) the extent and type of PAD programs within the network; 5) the training of lay volunteers and health care workers and placement of AEDs; 6) complete data for all cases; and 7) the findings from the AEDrecorded electrocardiography records. An additional limitation of this analysis is the observational nature of the data. Because randomization was not used to determine which subjects received AED application, there is no guarantee that those who received it were comparable with those who did not. We tried to minimize this potential confounding by adjusting for all measured confounders in our multiple logistic regression model and by conducting propensity score analyses. However, there may have been other, unmeasured characteristics that also were confounders, such as the physical place of AEDs. Our inability to account for these leaves open the possibility that our results were biased.
Conclusions
Cardiac arrest is a treatable condition. This investigation supports a significant and important beneficial impact of PAD programs in community-based settings. On average, early AED defibrillation before EMS arrival seems to nearly double a victim's odds of survival after OHCA. These results support strategic expansion of PAD programs particularly in public locations across the United States and Canada as a continuing major public health initiative.
